While the results in term infants are consistent with our belief that capillary rarefaction in essential hypertension is likely to be a primary vascular abnormality, the results in preterm infants may suggest that the intrauterine environment may exert some influences on the remodeling of the microcirculation which may delay the onset of capillary rarefaction in these infants.
The hypertensive disorders of pregnancy (HDP) which include preeclampsia, gestational hypertension, chronic hypertension, and preeclampsia superimposed on chronic hypertension are associated with increased risk of high blood pressure (BP) and stroke in the offspring. [1] [2] [3] [4] [5] [6] [7] The pathophysiological mechanisms for this association are poorly understood. Microcirculatory abnormalities and impaired tissue perfusion have been implicated in the pathogenesis of essential hypertension, obesity, diabetes mellitus, and insulin resistance. 8 We have previously shown that normotensive individuals with a familial predisposition to hypertension have significant rarefaction of their skin capillaries suggesting that capillary rarefaction represents a primary vascular abnormality which antedates the onset of elevation of BP. 9, 10 We also recently reported on the surprising finding that low-birth weight (LBW) infants, born at term or preterm, to normotensive mothers do not have capillary rarefaction at birth, but rather higher capillary density, 11 even though LBW is associated with hypertensive disease and capillary rarefaction in later-life emphasizing the importance of early influences on microcirculation. 12 We hypothesized that maternal HDP induces capillary rarefaction in the offspring during in utero development, and we tested the hypothesis by studying functional and structural capillary densities in newborn infants of maternal HDP and normotensive pregnancy.
Methods
Subjects. The study was approved by the Wandsworth Research Ethics Committee and was performed at St. George's Hospital, London, UK. Written informed consent was obtained from all parents. Pregnant mothers were recruited from antenatal clinics, day assessment unit, and antenatal wards at St. George's Hospital. Few mothers were recruited from the neonatal unit as they had delivered in other hospitals and their babies transferred ex utero to our neonatal unit for tertiary care. Infants born to mothers with gestational diabetes or skin disorders as well as infants with neonatal asphyxia, congenital malformations,
Background
Capillary rarefaction is pathognomonic of essential hypertension. We have previously shown significant capillary rarefaction in normotensive adult offspring of hypertensive parents, suggesting a familial predisposition in which capillary rarefaction represents a primary vascular abnormality that antedates the onset of sustained elevation of blood pressure (BP). We have recently reported that low-birth weight (LBW) infants, born at term or preterm, to normotensive mothers do not have capillary rarefaction at birth. We hypothesized that infants born to mothers with hypertensive disorders of pregnancy (HDP) would have significant capillary rarefaction at birth when compared to infants of normotensive mothers.
Methods
We studied 22 infants born to hypertensive mothers and compared them to 40 normal birth weight infants born at term to normotensive mothers. We used orthogonal polarized spectroscopy to measure basal (i.e., functional) and maximal (i.e., structural) skin capillary densities according to a well-validated protocol.
results
We found that term infants born to hypertensive mothers had significantly lower maximal capillary density (MCD) (mean difference of −5.0 capillaries/mm 2 ; P < 0.05). However, preterm infants with LBW born to hypertensive mothers tended to have higher basal and maximal skin capillary densities compared with term infants.
or chromosomal abnormalities were excluded. We studied 22 singleton infants of maternal HDP (12 were born at term and 10 were born preterm) and compared them to 40 singleton infants born at term with normal birth weight (NBW) to healthy mothers who were normotensive at the booking visit and remained normotensive throughout pregnancy. Among the term infants of maternal HDP, six were born to preeclamptic mothers, four to mothers with gestational hypertension, and two to mothers with essential hypertension. All infants born to preeclamptic mothers were preterm and all were of LBW. Gestational age was determined by ultrasound dating in the first trimester. Preeclampsia was defined as new onset of a raised BP > 140/90 mm Hg on two separate occasions at least 4 h apart after 20-week gestation, accompanied by proteinuria defined as ≥ 300 mg/24 h or urinary protein/creatinine ratio > 0.3 mg/gm, or ≥ 2+ on urine dipstick. Gestational hypertension was defined as newly raised BP > 140/90 mm Hg after 20 weeks of gestation but without proteinuria. Dietary habits and family history of diabetes, ischemic heart disease, stroke, hypercholesterolemia, and hypertension was obtained from both parents of the infants.
Orthogonal polarized spectroscopy. Infants were studied in their cot after they had been fed and while asleep on the postnatal ward or the neonatal unit. We used orthogonal polarized spectroscopy to examine skin capillary density at the plantar surface of the baby's big toe. Four microscopic fields, 0.62 mm 2 each, were recorded continuously for 30 s using the Cytoscan Device (Cytometrics, Philadelphia, PA), with ×10 objective, final magnification ×300. Images were stored on a DVD recorder (Sony RDR-GX120, Tokyo, Japan) and were counted off-line using the CapiScope computer software (KK-Technology, Exeter, England). The number of all capillaries (i.e., with stagnant and with continuously flowing red blood cells) was counted from the stored images by one of the investigators (P.N.) who was blinded to the maternal diagnosis. The analysis was then double-checked by two investigators (P.N. and R.D.S.) independently. Basal capillary density (BCD), which represents functional capillary density, was calculated as the mean of these four microscopic fields. We used venous congestion to maximize the number of visualized perfused skin capillaries by applying a neonatal BP cuff around the calf muscles of the same leg. The cuff was then inflated and maintained at 30 mm Hg for 2 min, and further images were recorded to determine maximal capillary density (MCD), which represents structural (anatomical) capillary density. Skin and room temperatures were monitored during the study using YSI Tele-thermometer. Capillaroscpy was performed on the median age of 1 day in term infants born to normotensive mothers, 2 days in NBW infants born to HDP mothers, and 5 days in preterm infants born to HDP mothers after they were discharged from the neonatal intensive care unit. We feel it is imperative to state here how difficult it proved to study these infants who often wake up when they handled, and it then becomes difficult to proceed with the study as the infants become uncooperative and their mothers restless and anxious, and we often then had to abandon the study in as much as 25% of potential subjects.
Statistical analysis. We used unpaired Student's "t"-test to compare means and chi-square test to compare proportions between the normotensive and hypertensive mothers groups. For capillaroscopy data, we used linear regression model to compare the means between the three groups (term infants born to normotensive mothers, term infants born to HDP mothers, and preterm infants born to HDP mothers) controlling for three potential confounders (gestational age, birth weight, and the age of the infant at the time of capillaroscopy). Scatterplots and Pearson correlation coefficient were used to describe the linear correlations between capillary density and gestational age, and birth weight. Statistical significance was declared when the P value was <0.05. All statistical analysis was carried out using IBM SPSS 19 (Armonk, NY).
results Table 1 shows the characteristics of the mothers and their newborn infants. All the infants born to normotensive mothers were born at term (i.e., 37-42 completed weeks of gestation) with NBW (i.e., birth weight > 2.5 kg). There was no significant difference in maternal age, smoking history, or family history of hypertension or ischemic heart disease between normotensive mothers and mothers with HDP. Body mass index, systolic, and diastolic BPs were significantly higher in HDP mothers, as expected, when compared with normotensive mothers. Infants of HDP had significantly lower gestational age (mean difference of −2.6 ± 0.6 weeks; 95% confidence interval (CI) −3.8 to −1.5, P < 0.01), birth weight (mean difference of −753 ± 183 g; 95% CI −1119 to −388, P < 0.01), and head circumference (mean difference of −2.2 ± 0.8 cm; 95% CI −0.8 to −2.2, P < 0.01), compared with infants of normotensive pregnancy. There was no significant difference in either BCD (mean difference of 5.0 ± 2.7 capillaries/mm 2 ; 95% CI 0.4-10.4, P = 0.07), or MCD (mean difference of 2.1 ± 2.5 capillaries/mm 2 ; 95% CI −3.1 to 7.2, P = 0.42) between the two groups of infants. However, we have recently shown that LBW infants born to normotensive mothers have significantly higher BCD and MCD than NBW infants. 11 This unexpected but interesting finding made us realize that combining preterm LBW infants with NBW term infants in one group will be inappropriate as it will undermine the results between the offspring of normotensive and hypertensive pregnancies. We therefore subdivided the infants of HDP mothers into a term group and a preterm LBW group. Term infants born to HDP mothers had statistically significant lower MCD compared with infants of normotensive mothers after controlling for birth weight, gestational age, and age of infants at the time of capillaroscopy (48 ± 5 vs. 53 ± 7 capillaries/mm 2 , mean difference of −5.03 capillaries/ mm 2 ; 95% CI −9.85 to −0.22, P < 0.05) (Table 2, Figure 1) . BCD was also lower but did not reach statistical significance (mean difference of −3.5 capillaries/mm 2 ; 95% CI −9.1 to 2.2, P = 0.11) (Figure 1) . On univariate analysis, preterm infants of HDP had significantly higher MCD compared with infants of normotensive mothers (mean difference of 11 capillaries/mm 2 ; 95% CI 5.2-15.9, P < 0.001). However, this significant difference disappeared after controlling for the three confounders in multivariate analysis because of small sample size ( Table 2) . Within term infants born to HDP mothers, there was no difference in BCD or MCD between infants born to preeclamptic mothers, gestational hypertension, or essential hypertension. In the whole cohort, there was a statistically significant negative correlation between birth weight and MCD (r = −0.32, P < 0.05) and between gestational age and MCD (r = −0.48, P < 0.01) (Figure 2) . discussion To our knowledge, this is the first study to assess the microcirculation in infants born to mothers with HDP. This study has two main novel findings. First, infants born at term with NBW to HDP mothers have significant structural rarefaction of their skin capillaries when compared to those born to normotensive mothers. These results are consistent with the presence of structural microvascular remodeling in the offspring of hypertensive mothers and substantiate our previous report that capillary rarefaction precedes the development of high BP in normotensive adults with a familial predisposition for hypertension. 10 Second, preterm infants born with LBW to hypertensive mothers tended to have higher skin capillary density when compared to infants born to normotensive mothers. While the latter result is intriguing, it is consistent with our recent report that LBW infants, born at term or preterm to normotensive mothers, do not have capillary rarefaction at birth but rather higher capillary density when compared to their NBW counterparts. 11 We postulated that the higher capillary density in LBW infants could be an intrauterine compensatory microvascular response to the placental insufficiency that led to LBW, in an attempt to improve nutritional delivery, with subsequent "hyper-pruning" of capillaries in early or later childhood when the nutritional deficiency had been corrected, ultimately resulting in capillary rarefaction. 11 In support of these results is the recent realization that endothelial progenitor cells are increased in numbers and proliferate more rapidly in preterm infants. 13 Several studies have shown that maternal HDP and in particular preeclampsia and gestational hypertension are associated with higher BP in their offspring during childhood, adolescence, and adulthood. [2] [3] [4] 6, 7 The underlying pathophysiological mechanisms explaining the links between pregnancy-associated hypertension and offspring BP remain unclear but recent studies have suggested that the offspring of preeclamptic pregnancies had structural vascular abnormalities, microvascular remodeling, and significant systemic endothelial dysfunction. [14] [15] [16] Impaired growth of the microvasculature distorts the development of several organs, including the kidneys. [17] [18] [19] [20] [21] The impaired renal development and reduced nephron number is regarded as the important link with later hypertension development. 22 Capillary rarefaction could also decrease endothelial surface area, reduce production of nitric oxide, and could therefore be implicated in the systemic endothelial dysfunction described in these individuals. It is now apparent that different subjects may develop hypertension via different routes, although they evidently have an ultimate common pathway. Capillary rarefaction, now considered a hallmark of essential hypertension, may be part of a final common pathway uniting many of the underlying mechanisms.
There is also increasing evidence that LBW is associated with structural and functional vascular abnormalities, 23, 24 the development of essential hypertension, 25, 26 and increased cardiovascular mortality in adult life. 27 We therefore further postulate that placental insufficiency that can result in LBW, whatever its cause, results in microvascular remodeling and high capillary density during intrauterine life and manifest at birth. In the preterm infants born to HDP reported in this paper, the placental insufficiency was likely due to the preeclamptic hypertensive disease, which was severe enough to require preterm delivery of the infant. On the other hand, in HDP mothers who went to term, there was no placental insufficiency, and instead the mothers conferred, by whatever mechanism (presumably genetic) a predisposition to adult-life cardiovascular disease and hypertension 6, 28 or transferred longitudinally an anti-angiogenic factor that induces the capillary rarefaction that is already manifest by the time of birth. 29 Thus in this instance, environmental factors (placental insufficiency) had a preeminent epigenetic influence over familial predisposition mechanisms with regard to the microcirculation.
limitations of the study
We acknowledge the inherent weakness in our study posed by the small numbers of infants born to HDP mothers, but this highlights the difficulties in recruiting infants born at term to preeclamptic mothers because the majority of them will be born preterm. However, the technology we used in this study is robust and reproducible, and the differences we found between infants born to HDP mothers and those born to normotensive mothers were consistently significant. Moreover, our hypotheses regarding the potential mechanisms of the development of capillary rarefaction are eminently testable by longitudinal studies of capillary remodeling from birth through early to late childhood. We also acknowledge the uneven ethnicity and the significant difference in the age of infants on the study day. However, we assessed BCD and MCD in NBW term infants of different ethnic backgrounds born to normotensive mothers and found no difference in capillary density between the different groups (T.F. Antonios, unpublished data). Regarding the age of infants on the study day, there was no significant difference between term infants of HDP and normotensive mothers, yet there was significant capillary rarefaction in the HDP group. In the preterm infants of HDP pregnancy, it was not always possible to perform capillaroscopy until they were discharged from the neonatal intensive care unit where they looked after. The study was not designed to evaluate the duration of pregnancy, as the results of higher capillary density in preterm infants were totally unexpected. Ideally, future research should endeavor to study NBW term infants born to HDP or if this proves challenging as we have found in this study, then preterm infants could be examined when their combined intrauterine and postnatal age are comparable to their term NBW counterparts. Another limitation of the study is the lack of a preterm infant control group in the normotensive mothers group. We cannot also exclude a possible effect of the antihypertensive treatment received by HDP mothers during pregnancy on the neonatal microcirculation. 30 Though one would expect that this possible effect of the antihypertensive medications would have an analogous result in both LBW and NBW infants and not a clear diversity in capillary remodeling in the two groups of infants of HDP as we have found. Similarly, we could not rule out a possible effect of the medications received by preterm LBW while they were in the neonatal intensive care unit and which may have resulted in higher capillary density. However, we found a comparable high capillary density in term infants with LBW born to normotensive mothers who received no treatment in the neonatal period 11 suggesting that treatment of the offspring is unlikely to have affected our results.
conclusions
In conclusion, infants born at term to mothers with HDP have significant structural capillary rarefaction at birth when compared to term infants born to normotensive mothers. These results are consistent with our premise that capillary rarefaction in essential hypertension is likely to be a primary vascular abnormality. The results also corroborate our recent report that LBW is associated with high capillary density at birth. More research with larger sample size studies is needed to confirm the preliminary conclusions of this study.
